High-Mg diorites enriched in incompatible elements and their extrusive equivalents are rare subduction-related rock types that have been found in modern arc settings and in Late Archean sequences, where they are associated with trondhjemite^tonalite^granodiorite (TTG) suites. Archean rocks with these geochemical features are known as sanukitoids and, despite their limited abundance, are considered to be the indicators of the onset of modern plate tectonics because of their similarities to modern subduction-related high-Mg andesites and diorites. Understanding the genesis of sanukitoid rocks is thus an essential step towards understanding crustal growth processes. The accepted petrogenetic models for modern, enriched, high-Mg andesites and their Archean equivalents, the sanukitoids, consist of metasomatic enrichment of the mantle wedge by slab components and its subsequent partial melting, or the modification of siliceous slab components through continuous reaction with mantle peridotite during their ascent through the mantle wedge. We present new data on the petrography, mineral chemistry and whole-rock geochemistry (major and trace elements and Sr^Nd^Pb isotopes) of andesitic rocks from an $30 ka lava flow (Yuyos flow) from the Chacana Caldera Complex, Eastern Cordillera of Ecuador. These rocks show a remarkable geochemical affinity with Archean sanukitoids, including high magnesium numbers (0·58^0·63) accompanied by high contents of incompatible elements (e.g. Th 17^23 ppm, U 6^7·5 ppm, Ba 1600^1800 ppm, Sr 1430^1565 ppm, La 749 4 ppm). Additionally, the sanukitoid-like andesites of Yuyos are associated with predominant silica-rich (adakite-like) andesites, which are widespread throughout the Quaternary arc of Ecuador. This makes the Quaternary Ecuadorian magmatic province a close equivalent of the Archean TTG^sanukitoid association. The bulkrock geochemistry, petrography and mineral chemistry data indicate that the sanukitoid-like features of the andesites of the Yuyos flow derive from intracrustal recycling of the felsic^intermediate to mafic^ultramafic roots of the Quaternary volcanic arc of Ecuador by 'normal' mantle-derived basaltic magmas with the geochemical characteristics of continental arc basalts or high-alumina basalts. In view of the similarities between the Yuyos andesites and Archean sanukitoids in terms of geochemistry and lithological association, we suggest that genetic models should consider the possibility of intracrustal recycling as a process responsible for the peculiar signatures of both Archean sanukitoids and modern enriched high-Mg andesites.
production today is associated with subduction zones, there is much uncertainty about similar processes acting in the Archean. Statistical geochemistry indicates that mantle potential temperatures, degrees of melting and the nature of felsic derivatives were different in the Archean (Keller & Schoene, 2012) , with a predominance of high-Na tonalite^trondjemite^granodiorite (TTG) suites. This changed about 2·5 Gyr ago with the onset of modern-style plate tectonics characterized by subduction zones and associated arc magmatism (Martin & Moyen, 2002; Martin et al., 2010; Keller & Schoene, 2012) . It has been proposed ) that this geochemical transition at the Archean^Proterozoic boundary is characterized by the formation of particular rocks, named Archean sanukitoids [high-Mg diorite^tonalite^granodiorite series; Shirey & Hanson 1984 ; however, see Tatsumi (2006) for the improper use of the term 'sanukitoid' applied to Archean intrusive rocks]. Therefore, the petrogenesis of Archean sanukitoids may have profound implications for the understanding of crustal growth mechanisms and the onset of plate-tectonic processes in the Late Archean (e.g. Tatsumi, 2008; Martin et al., 2010) .
The trace element composition of Archean sanukitoids is matched to a good extent (Fig. 1) by that of Cenozoic and Quaternary enriched high-Mg andesites (HMA) such as 'bajaites' (e.g. Calmus et al., 2003) and low-silica adakites (LSA: Martin et al., 2005) . Like the Archean sanukitoids, enriched HMA and 'bajaites' (LSA) are relatively rare in Phanerozoic subduction-related settings (e.g. Aleutian islands; Mt. Shasta, California; Miocene Setouchi belt, Japan; Baja California, Mexico: Calmus et al., 2003; Kelemen et al., 2003; Grove et al., 2005; Tatsumi, 2006; Wood & Turner, 2009 ). On the basis of their geochemical similarities, Archean sanukitoids and their Phanerozoic equivalents are thought to have formed through similar processes. Because of their high Mg# [molar Mg/ (Mg þ Fe tot )] and Ni and Cr contents, enriched HMA (LSA) and Archean sanukitoids are considered to have been in equilibrium with mantle peridotite; however, at the same time, the elevated contents of large ion lithophile elements (LILE), light rare earth elements (LREE) and some high field strength elements (HFSE) require some sort of 'crustal' input. The widely accepted 'crustal' input in enriched HMA (LSA) and Archean sanukitoids is a siliceous slab component derived from partial melting of the subducting plate (e.g. Yogodzinski et al., 1994 Yogodzinski et al., , 1995 Kelemen et al., 2003; Martin et al., 2005; Tatsumi, 2008) . This slab component may either metasomatize the mantle wedge prior to subsequent flux-or decompression-melting generating andesitic or dacitic melts (Rapp et al., 1999) , or, alternatively, undergo incomplete reaction with the surrounding mantle peridotite and ascend into the crust as a modified residual andesitic or dacitic slab melt (e.g. Yaxley & Green, 1998; Kelemen et al., 2003; Martin et al., 2005) .
In both cases slab component^peridotite reactions are characterized by consumption of olivine and crystallization of orthopyroxene AE garnet with a consequent decrease of SiO 2 and increase of MgO in the reacted melt (¼ enriched HMA or LSA) and increase of incompatible elements that cannot be accommodated in the newly crystallizing phases.
In this paper we report and discuss petrographic observations and geochemical data for whole-rocks, minerals, interstitial melts and melt inclusions from a Pleistocene andesitic lava flow from the Chacana Caldera Complex (CCC), Ecuador, hereafter termed the Yuyos andesite. The geochemistry of this lava flow strongly resembles that of Cenozoic^Quaternary enriched HMA (LSA) and has even more affinity with the geochemistry of Archean sanukitoids (Fig. 1) . Because the Quaternary arc magmatism of Ecuador is characterized by widespread adakite-like magmatism (broadly comparable with Archean TTG signatures), the Quaternary Ecuadorian association of abundant adakite-like and rare sanukitoid-like magmatism can be viewed as a proxy for the Late Archean association of abundant TTG and rarer sanukitoids. We show that the geochemistry of the Yuyos andesite corresponds to that of sanukitoids and is the result of intracrustal processes, and that slab melting processes, although not excluded in the source region, are not responsible for this geochemistry. We discuss the implications of this conclusion for the genetic interpretation of Archean sanukitoids and crustal growth processes.
G E O D Y NA M I C S E T T I N G A N D A RC M AG M AT I S M
The geology of the Ecuadorian Andes is characterized by the accretion of terranes of both continental and oceanic affinity (Fig. 2a ) from the Late Jurassic to the Late Cretaceous (Feininger, 1987; Jaillard et al., 1990 Jaillard et al., , 1997 Aspden & Litherland, 1992; Litherland et al., 1994; Noble et al., 1997; Kerr et al., 2002; Mamberti et al., 2003; Spikings et al., 2005; Vallejo et al., 2006 Vallejo et al., , 2009 . Present-day arc volcanism in the Ecuadorian Andes is the result of subduction of the 12^20 Myr old Nazca plate and aseismic Carnegie Ridge (Fig. 2a) . The active to recent volcanic arc of Ecuador extends over more than 100 km across the Andean chain starting in the Western Cordillera, passing through the Interandean Valley and the Eastern Cordillera, and ending in the Andean foreland (Oriente) where both alkaline (Sumaco, Pan de Azucar) and calcalkaline (Reventador) volcanoes occur. Such a broad volcanic arc contrasts with the narrow volcanic arc immediately to the north, in Colombia, and with the volcanic gap south of 28S, which is dominated by the Peruvian flat slab segment (Barazangi & Isacks, 1976) . The subduction of the aseismic Carnegie Ridge, coincident with the Ecuadorian volcanic arc, suggests a direct link with arc broadening. Subduction of the Carnegie Ridge beneath the continental crust of Ecuador has caused an increased coupling between the subducting and overriding plates (Ego et al., 1996; Gutscher et al., 1999; Graindorge et al., 2004; Sage et al., 2006) . Gutscher et al. (1999) proposed flat subduction coincident with subduction of the Carnegie Ridge flanked by the subduction of two steeper segments to the north and south of the Carnegie Ridge, separated by two tear zones. In contrast, Guillier et al. (2001) concluded that subduction of the Carnegie Ridge segment is not flat, but regularly dipping at an angle of 258 (see also Lonsdale, 1978; Pennington, 1981; Pre¤ vot et al., 1996) although immediately to the north the dip increases slightly to 308 leaving open the possibility of a slab tear.
Three distinct trench-parallel chains of volcanoes occur in Ecuador (Fig. 2a) : (1) a frontal arc chain in the western Cordillera including volcanic centers such as Pilavo, Cotacachi^Cuicocha, Pululahua, Pichincha, Atacazo, Corazon and Illiniza; (2) a main volcanic arc chain on the western margin of the Eastern Cordillera including the volcanic centers of Cayambe, Chacana, Antisana, Cotopaxi, Tungurahua and Sangay; (3) a back-arc chain including the volcanic centers of Reventador, Pan de Azucar, Sumaco and Puyo. Between the frontal and the main arc several volcanoes also occur in the Interandean Valley, such as Cusin, Mojanda and Ilalo (Fig. 2a) . The crustal thickness beneath the Eastern Cordillera, where Chacana is situated, is 450 km based on gravimetric data (Feininger & Seguin, 1983) or 50^75 km based on seismic data (Guillier et al., 2001) .
Various studies have shown systematic geochemical changes in the compositions of the lavas of the Ecuadorian arc from the frontal-arc to the back-arc region (Barragan et al., 1998; Bourdon et al., 2003; Bryant et al., 2006; Chiaradia et al., 2009 ). These variations have been interpreted as the result of progressively smaller amounts of partial melting of the mantle wedge metasomatized by a slab component towards the back-arc (K^h relationship: Dickinson, 1975) . Rocks considered to be equivalent to slab melts, often called adakites (Defant & Drummond, 1990) , have distinctive geochemical characteristics, such as high Sr/Y and La/Yb values (Kay, 1978; Defant & Drummond, 1990; Martin et al., 2005) . Some of the Quaternary Ecuadorian volcanic arc rocks have such geochemical signatures. The question is, however, whether the adakite-like signatures of the Quaternary Ecuadorian rocks reflect melting of the subducted slab (e.g. Gutscher et al., 1999 Gutscher et al., , 2000 Samaniego et al., 2002; Bourdon et al., 2003) or are the result of lower to mid-crustal magmatic processes (Kilian et al., 1995; Arculus et al., 1999; Garrison & Davidson, 2003; Chiaradia et al., 2004 Chiaradia et al., , 2009 Chiaradia et al., , 2011 Bryant et al., 2006; Garrison et al., 2006; Chiaradia, 2009) as has been suggested to be the case elsewhere, and in the Central Andes in particular (e.g. Atherton & Petford, 1993) .
L O C A L G E O L O G I C A L S E T T I N G
Chacana is an eroded, Plio-Holocene caldera complex forming one of the largest rhyolitic centers of the northern Andes (32 km in the north^south direction and 18^24 km in the east^west direction: Global Volcanism Program, http://www.volcano.si.edu/; Fig. 2a and b) . It is located in the Eastern Cordillera (Fig. 2a) upon the basement of the Loja continental terrane (Paleozoic gneisses and schists as well as Triassic granites) and of the Alao island arc terrane (Jurassic meta-basalts) (Aspden & Litherland, 1992; Litherland et al., 1994; Noble et al., 1997) . The Chacana caldera consists of four main lithological groups according to Hall & Mothes (2008) . The oldest (2·5^2·7 Ma) is a belt of LSA (Martin et al., 2005) Archean sanukitoids Slab melts reacted with peridotite (Rapp et al., 1999) Setouchi sanukitoids (Shimoda et al., 1998; Tatsumi et al., 2006) "Bajaites", Baja California, Mexico (Calmus et al., 2003) Slab melt (Rapp et al., 1999) Primitive mantle-normalized trace element patterns for average Archean sanukitoids AE1s , low-silica Quaternary adakites AE1s (LSA, Martin et al., 2005) , eclogitic slab melt and slab melt reacted with peridotites (Rapp et al., 1999) , Setouchi sanukitoids (Shimoda et al., 1998; Tatsumi et al., 2006) , and 'bajaites' from Baja California, Mexico (Calmus et al., 2003) .
dikes and fault-related breccias representing the inferred ring fracture of the eastern margin of the caldera (Fig. 2b) . The second group consists of a 41250 m thick sequence of dacitic to rhyolitic ignimbrites and tuffs with intercalations of subordinate andesitic to dacitic lavas (2·7^0·22 Ma), which cover the western flank of the caldera before disappearing under the Inter-Andean Valley sediments (Fig. 2b ). An 8 m thick pumice fall unit and a 7 km long obsidian flow overlying the above sequence were dated at 0·16^0·17 Ma (Hall & Mothes, 2008) . The third group is the caldera-infilling consisting of tuff, breccia, porphyritic andesitic lavas (1·5^1·9 Ma), and a fluvial detrital sequence made up of volcanic clasts (Fig. 2b) . The fourth group consists of andesitic to dacitic lava flows several kilometers long, erupted from vents aligned along a NNE trend in the western part of the caldera (not shown in Fig. 2b , but all sample locations in it are from such flows). These flows (hereafter termed Young Chacana) have ages mostly ranging from 0·45 to 0·16 Ma, but more recent lavas also erupted between 30 and 20 ka and the latest andesitic flows are from AD 1700 (Hall & Mothes, 2008 Litherland et al., 1994; Corredor, 2003) . (b) Topographic map of the Chacana caldera with superimposed main geological features (from Hall & Mothes, 2008) and location of samples of andesite lava flows erupted in the latest stage of the caldera (50·45 Ma to AD 1700). The Yuyos sanukitoid-like lava flow corresponds to samples 22-3-4 and 1202 to 1207.
Yuyos) represents one of these flows ( Fig. 2b) and has an age of $30 ka (M. L. Hall, personal communication). The flow is 44 km long, 100^300 m wide and at the front reaches a thickness of $30 m. We have collected and analysed nine samples from a road-cut section of the flow over a distance of 1300 m. procedure (developed by J. T. Armstrong, Caltech, 1988) was applied to the raw data.
A NA LY T I C A L M E T H O D S
In situ trace and rare earth element (REE) analyses of volcanic glasses were carried out on polished thin sections by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) using a Perkin Elmer ELAN 6100 DRC ICP-MS system equipped with a 193 nm EXCIMER Geolas laser at the University of Lausanne. Operating conditions of the laser were 8 Hz frequency, 100 mJ energy and 60 mm spot size. CaO contents determined by microprobe in the area of subsequent ablation with the laser were used for internal standardization by reference to an SRM612 NIST external standard. Raw data were reduced off-line using the LAMTRACE software (Jackson et al., 1992; Longerich et al., 1996; Jackson, 2008) .
Whole-rock samples (Table 1 and Fig. 2b ) were analyzed for major and trace elements by X-ray fluorescence (XRF) at Lausanne University (Switzerland). REE and additional trace elements (e.g. Th, U, Ta, Cs, Hf) were measured by LA-ICP-MS on the fused glass beads used for major element XRF analysis using the same LA-ICP-MS instrument as for minerals (Table 1) . Operating conditions of the laser were 10 Hz frequency, 140 mJ energy and 120 mm spot size. CaO contents previously determined by XRF were used for internal standardization by reference to an SRM612 NIST external standard. Raw data were reduced off-line using the LAMTRACE software.
The whole-rocks were investigated for their Sr, Nd and Pb isotopic compositions at the Department of Mineralogy, University of Geneva (Table 1) . About 130 mg of powdered rock fractions (570 mm) were dissolved in closed Teflon vials over 7 days on a hot plate at 1408C with a mixture of 4 ml concentrated HF and 1ml 15M HNO 3 . The sample was then dried on a hot plate and dissolved in 3 ml 15M HNO 3 in closed Teflon vials at 1408C and dried down again. Sr, Nd and Pb separation was carried out using cascade columns with Sr-spec, TRU-spec and Lnspec resins, following a modified method after Pin et al. (1994) . Pb was further purified with AG-MP1-M anion exchange resin in a hydrobromic medium.
Pb, Sr and Nd isotope ratios were measured on a Thermo TRITON mass spectrometer at the University of Geneva (Switzerland). Pb was loaded on Re filaments using the silica gel technique (Gerstenberger & Haase, 1997) and all samples (and standards) were measured at a pyrometercontrolled temperature of 12208C on Faraday cups in static mode. Pb isotope ratios were corrected for instrumental fractionation by a factor of 0·07% per a.m.u. based on more than 90 measurements of the SRM981 standard and using the standard values of Todt et al. (1996) Tanaka et al., 2000) . External reproducibility of the JNdi-1 standard is 55 ppm.
R E S U LT S Petrography and bulk-rock geochemistry
The Young Chacana 'normal' andesitic lavas contain abundant plagioclase and pyroxene AE amphibole AE olivine phenocrysts. In contrast, the Yuyos lava flow is dark grey to blackish in colour, very fine-grained, with a small number of pheno-or xenocrysts (5 15%) represented by olivine, clinopyroxene, and heavily to completely corroded amphibole and biotite (see Table 2 and Figs 3^5). Olivine occurs as sub-to idiomorphic apparently equilibrium phenocrysts [type (i): Fig. 3a and b], as xenocrysts with opacite rims [type (ii): Fig. 3c ] or as xenocrysts surrounded by amphibole coronae [type (iii): Fig. 3d ]. Olivine may occur as isolated crystals or as glomerocrysts, and sometimes shows wavy extinction. Clinopyroxene occurs as equilibrium idiomorphic phenocrysts with or without inclusions in their cores [type (i): Fig. 3e and f], acicular to stubby phenocrysts around glass globules and quartz xenocrysts [type (ii): Fig. 3g ], and as large dusty xenocrysts with inverse zoning [type (iii): Fig. 3h ]. Amphibole and biotite phenocrysts, in addition to being heavily corroded, have thick plagioclase^pyroxene^Fe^Ti oxide (gabbroic-type) and/or opacitic (Fe^Ti-oxides) rims (several tens of micrometers). In some cases, amphiboles are also patchily or completely replaced by a coarsegrained assemblage of pyroxene, plagioclase and Fe^Ti oxides (Fig. 4a^f) . Some amphibole cores are also replaced by melt (glass: Fig. 5d) . Very rare relic plagioclase phenocrysts (2^3 per thin section) have been observed (Fig. 4g) . The groundmass consists of plagioclase microlites and glass plus subordinate amounts of pyroxene and olivine in a glassy matrix (Figs 3^5) . A typical petrographic feature of the Yuyos andesites is the occurrence of relatively large 
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quartz xenocrysts (usually several tens to hundreds of micrometers, but in some cases up to millimeters and even 41cm) surrounded by dark brown to whitish (closer to quartz) glass and an outward corona of acicular to stubby clinopyroxene ( Fig. 4h ). Interstitial melts and melt inclusions are found within different phenocrysts and associated with mineral clots in different textural positions (Table 2; Figs 3 and 5; Supplementary Data Table) . The Yuyos lava flow shows similar petrographic features to lavas of the Miocene Setouchi volcanic belt, Japan (Tatsumi, 2006) . The Yuyos lava flow has a basaltic trachyandesite to trachyandesite composition as opposed to the typical andesitic composition of the Young Chacana (YC) rocks (Fig. 6a) . It has the lowest SiO 2 and Na 2 O and the highest MgO, Fe 2 O 3tot , CaO and K 2 O contents of all Chacana andesites, and is characterized by high Mg# [molar Mg/(Mg þ Fe tot ) ¼ 0·58^0·63: Table 1 ]. Compared with the normal Young Chacana andesites and to other Ecuadorian frontal arc volcanoes (Pichincha and Pululahua) with the lowest SiO 2 contents (comparable with those of the Yuyos andesites) it has significantly lower Ni and Cr contents (Fig. 7) . In contrast, the Yuyos andesites, like the Pilavo frontal arc volcano, have higher contents of many incompatible trace elements (notably Th, U, Ba, Sr and La; Fig. 7 ) than any other rock of Young Chacana, Pululahua and Pichincha.
The REE patterns of the Yuyos andesites, despite having a similar shape to those of the Young Chacana andesites (Fig. 8) , with significant fractionation between light REE (LREE) and heavy REE (HREE), a nearly flat to slightly declining pattern between Dy and Lu, and no Eu negative anomaly, display higher absolute values of all REE. Primitive mantle-normalized trace element patterns are markedly different between the Yuyos and Young Chacana andesites. Whereas both are characterized by Nb negative anomalies, the Yuyos andesites are strongly enriched in many LILE and HFSE such as Ba, Th, Pb, Sr and REE, and moderately enriched in K, but have similar values of P, Zr and Ti, resulting in negative anomalies of these elements compared with the adjacent REE.
The 
Mineral chemistry Olivine
The mineral chemistry of olivine reflects to some extent its textural variations (Table 2 ; Fig. 3 ; full dataset is given in the Supplementary Data Table) . Olivine cores have forsterite contents between 81 and 88 ( Fig. 10a) , with the highest forsterite contents (Fo86^88) in type (iii), associated with amphibole. Forsterite and NiO contents are highly variable n.m., not measured.
JOURNAL OF PETROLOGY VOLUME 55 NUMBER 4 APRIL 2014 from core to rim, ranging from roughly flat profiles to normal and inverse zoning. Normal forsterite and NiO zoning is the dominant pattern found in type (i) olivine (Fig. 10b) . The forsterite content variability between olivine cores and rims is negatively correlated with both olivine phenocryst size and the (maximum) forsterite core content ( Fig. 10c and d ), indicating that low-forsterite olivine is smaller, and displays smoother core to rim profiles ( Fig. 10b ). Type (ii) olivine shows dominantly flat core to rim profiles of forsterite and NiO content with small compositional changes between cores and rims ( Fig. 10e) (Fig. 3b ). Disequilibrium type (iii) olivine is characterized by variable core compositions: olivines with more forsterite-rich cores (Fo86^88) display flat to normal zoning whereas olivines with forsterite-poorer cores (Fo83^84) display flat to inverse forsterite and NiO zoning (Fig. 10f) . NiO varies very little with increasing forsterite content and remains generally well below the mantle olivine array (Fig. 10g) , suggesting that these olivines crystallized Olivine Clinopyroxene (i) Sub-idiomorphic AE fragmented olivine, characterized by more or less rounded to corroded rims at the contact with the groundmass (Fig. 3a and b). This olivine type occurs sometimes as angular fragments and includes olivine with spongy cellular textures and groundmass olivine
(ii) Reacted olivine with resorbed sinuous shapes and variably thick opaque oxide rims at the contact with the groundmass (Fig. 3c) (iii) Olivine surrounded by a corona of amphibole or in contact association with opacitized amphibole ( from fractionated magmas. Olivine in association with amphibole has a higher NiO content (up to $0·25 wt %) than the rest of the olivines at comparable forsterite contents. The Mg# of the melt in equilibrium with olivine, assuming an (Fe/Mg) olivine /(Fe/Mg) melt ¼ 0·3 (Roeder & Emslie, 1970; Ulmer, 1989) , ranges between 0·57 and 0·70. Molar FeO/MgO values of some olivine cores of the three types described above are in disequilibrium with the equivalent molar FeO/MgO values of the host bulk-rocks. In particular, the cores of most type (i) and (ii) olivines occurring in the more MgO-rich rocks are apparently in a disequilibrium relationship with the host-rock, whereas they are in an apparent equilibrium relationship in the less MgO-rich rocks (Fig. 10h) . Conversely, some type (iii) olivine cores are in apparent equilibrium with the host MgO-rich rocks, whereas others are in apparent disequilibrium with the less MgO-rich host-rock (Fig. 10h) . 
Clinopyroxene
Clinopyroxene compositions are reported in the Supplementary Data Table. Type (i) clinopyroxene (Table 2) is characterized by normal MgO zoning or by broadly flat profiles (including slightly normal and slightly inverse MgO patterns: Fig. 11a ). Type (iii) clinopyroxene (Table 2) displays inverse MgO profiles with an abrupt increase of MgO from 13·9 AE 0·5 wt % in the cores to 16·6 AE 0·4 wt % in the thin rims (Fig. 11b) . The MgO contents of the cores of these clinopyroxenes are the lowest measured among all types, whereas the MgO contents of their rims overlap with core contents of the other clinopyroxene types (16·7 AE 0·7 wt % Martin et al., 2005) , experimental eclogite melt (AB1) and the products of reactions of the latter with peridotite (AB1AVX10, AB1AVX16, AB1KLB12, AB1KLB15: Rapp et al., 1999) , Archean sanukitoids , Setouchi sanukitoids (Shimoda et al., 1998; Tatsumi et al., 2003 Tatsumi et al., , 2006 , and 'bajaites' (Calmus et al., 2003) . Centres of the crosses are average values, length of the arms correspond to 1s of the population of available values. Small dots correspond to single analyses of enriched high-Mg andesites from the Western Aleutians (Kelemen et al., 2003) . Boundaries of rock compositions in (a) are from Le Bas et al. (1986) . (continued) significant amounts of F (up to 2·5 wt % F: fluor-magnesio-hastingsite) and shows rather constant Tschermaks and edenite components (Supplementary Data Table) . The Mg# [Mg/(Mg þ Fe tot )] of amphibole varies between 0·64 and 0·78 (Fig. 12a) . In general, amphibole associated with olivine [type (i)] has the highest Mg# (median ¼ 0·76: Fig. 12a ). Amphibole associated with clinopyroxene [type (ii)] has a lower median Mg# (0·72), whereas optically zoned [type (iii)] and homogeneous [type (iv)] amphiboles display a broader range of Mg# with median values of 0·70 and 0·73, respectively. Amphibole compositional zoning is not systematic and both inverse and normal zoning is observed.
Amphiboles do not show pressure-sensitive substitution of Al VI by Al IV (Fig. 12b) , nor a pressure-sensitive dependence of Mg# (Fig. 12c) , but do show a T-sensitive substitution of Ti by Al IV (Fig. 12d) . Pressures calculated using the Ridolfi et al. (2010) and Ridolfi & Renzulli (2012) Data Table) form a main cluster with a median value of 0·3^0·5 GPa, and a second cluster with a median value of 0·65^0·85 GPa (Fig. 12e) . Water contents of the melts in equilibrium with amphibole range between 5 and 10 wt % with a peak at 6^7 wt % ( Fig. 12f; Supplementary Data Table) .
geobarometers (Supplementary

Biotite
The corroded, opacitized and sometimes decoloured biotite pheno-or xenocrysts are dominated by the phlogopite component (64^78 mol %), with annite (10^16 mol %) and siderophyllite (11^23 mol %) in roughly equal amounts (Supplementary Data Table) . A characteristic feature of biotite is its consistently high F content (3·2^5·2 wt %: Supplementary Data Table) .
Plagioclase
The anorthite content of plagioclase ranges from 25 to 75 mol % ( Fig. 13a and b ; Supplementary Data Table) . The albite and orthoclase components vary in the range 23^59 mol % and 2^20 mol % respectively. Groundmass plagioclase is low in anorthite (An25-48). Type (i) plagioclase (Table 2) The latter show systematic inverse zoning with anorthitepoor cores (from An44 to An60 in the three sieved plagioclases analysed: Fig. 13a and b and Supplementary Data Table) and more anorthite-rich rims (An65^75; Fig. 13a and b and Supplementary Data Table) . The same trend is also observed for FeO, with a strong increase at the outer rims (0·58^1·3 wt %) compared with the cores (0·3^0·4 respectively) (Fig. 13a and b , Setouchi sanukitoids (Shimoda et al., 1998; Tatsumi et al., 2003 Tatsumi et al., , 2006 , and 'bajaites' (Calmus et al., 2003) . Centres of the crosses are average values, length of the arms correspond to 1s of the population of available values. Small dots correspond to single analyses of enriched highMg andesites from the Western Aleutians (Kelemen et al., 2003) .
(continued)
Interstitial melts and melt inclusions
The chemical compositions of interstitial melts and melt inclusions reflect their different textural occurrences ( The REE patterns of the melts (glasses) are similar to those of the whole-rocks (Fig. 14a) . In primitive mantlenormalized trace element patterns, melts are also characterized by an overall similar trend to the whole-rocks, including Nb, Ta, P and Ti negative anomalies and Pb positive anomaly, but differ in their higher Cs, Rb, Th, U, K and Pb and lower Sr and P contents (Fig. 14b) .
D I S C U S S I O N
The Quaternary Yuyos andesites are geochemically akin to Archean sanukitoids and, to a great extent, also to Phanerozoic enriched HMA (LSA) (Figs 1, 6, 7 and 8) . Petrographically, but less so geochemically, they resemble the sanukitoid lavas of the Setouchi volcanic belt (Japan). Archean sanukitoids and Phanerozoic enriched HMA (LSA) are commonly regarded as the products of melting of mantle peridotite metasomatized by slab melts (Kelemen, 1995; Kelemen et al., 2003; Martin et al., 2005) or as slab melts that have incompletely reacted with mantle peridotite (Rapp et al., 1999 .
In contrast to the above petrogenetic models for Archean sanukitoids and enriched HMA (LSA), the petrographic and geochemical data presented above and discussed below point to an intracrustal origin for the Yuyos sanukitoid-like andesites through magma recharge, mechanical incorporation and partial melting of crystal mushes and/or unconsolidated proto-plutons at different crustal levels (mostly between 0·3 and 0·85 GPa, corresponding to depths between $10 and $30 km, based on amphibole geobarometry).
Geochemical arguments for an intracrustal origin of the Yuyos sanukitoid-like andesite Figure 15 shows (Calmus et al., 2003) , Archean sanukitoids , and Setouchi sanukitoids (Shimoda et al., 1998; Tatsumi et al., 2003 Tatsumi et al., , 2006 . Normalizing values are from Sun & McDonough (1989) . Elements within parentheses, although measured for Yuyos rocks (Table 1) , are not plotted because they are not available for some of the comparative rocks. supercritical fluid component (e.g. Plank, 2005) . However, the depleted isotopic compositions of both the Pilavo and Yuyos andesites (the most depleted of the entire Ecuadorian arc and overlapping the most radiogenic compositions of the HMA of the Western Aleutians; Fig. 9 ) as well as the clear intracrustal nature of the Th-rich, high Th/Nb and Th/La glasses (see below) make this possibility unlikely. From Fig. 15 it is evident that no combination of basaltic or eclogitic slab melt, sediment melt and sediment fluid is able to explain the trace element and isotopic compositions of the Yuyos and Pilavo andesites or glasses. We suggest that intracrustal processes must be responsible for their distinctive geochemical signatures, as also proposed by Plank (2005) for the high Th/La values of arc magmas in general, and by Chiaradia et al. (2011) for high Th/La in Pilavo andesites. Chiaradia et al. (2009 Chiaradia et al. ( , 2011 (a) NiO vs forsterite (mol %) plot of olivines from the Yuyos andesite subdivided into the three types described inTable 2; (b) forsterite (mol %) and NiO (wt %) core-to-rim profiles for type (i) olivines; (c, d) inverse correlations between the difference in forsterite content of cores and rims with olivine crystal size (c) and forsterite core contents (d); (e) forsterite (mol %) and NiO (wt %) core-to-rim profiles for type (ii) olivines; (f) forsterite (mol %) and NiO (wt %) core-to-rim profiles for type (iii) olivines; (g) NiO vs Mg# of olivine, showing that they plot well below the mantle olivine array; (h) FeO/MgO (mol %) of olivine cores vs FeO/MgO (mol %) of the host whole-rock, showing that the great majority of the olivines are xenocrystic because they do not fall within the compositional field (between the dashed lines) of olivines that are in equilibrium with the bulk-rock composition. essentially involve recharge of mafic magma that assimilates and mixes with mafic^ultramafic to intermediatef elsic materials and their partial melt products at various crustal levels.
(1) The occurrence of quartz xenocrysts surrounded by glass (Fig. 4h) or of glass blebs without central quartz, themselves enclosed by a corona of acicular to equant clinopyroxene ( Fig. 5e and f) , indicates mixing and reaction of quartz-bearing magma, mush or protopluton with a mafic magma. The depleted isotopic signatures of the Yuyos andesites (Fig. 9 ) make it unlikely that the quartz xenocrysts are derived from highly radiogenic quartz-bearing Paleozoic to Jurassic basement lithologies Fig. 3a^d) suggests that olivines of different origin were mechanically assembled together. The strongly variable core forsterite contents of all these olivine types, which occur in the same sample at the thin-section scale (Fig. 10b , e and f), support assembly of xenocrystic olivine in equilibrium with variably evolved magmas. Olivine in apparent equilibrium with the host magma displays a systematic core-to-rim decrease of MgO and NiO (Fig. 10b) . The difference between core and rim forsterite contents is correlated with the maximum core forsterite contents and with the size of the Ridolfi et al. (2010) and Ridolfi & Renzulli (2012). phenocrysts, the rim forsterite contents being similar at around 82 mol % ( Fig. 8c and d) . This most probably suggests crystallization of olivines from an evolving magma (with progressively lower MgO) without or with minor Mg diffusion from the Mgrich core to the Mg-poorer rim (see also Elburg et al., 2006) . (3) Reacted olivine with opacite rims [type (ii)] displays nearly uniform forsterite and NiO contents from core to rim, of 83^85 mol % and 0·05^0·1wt %, respectively. The cores of most of these olivines, as well as those of fragmented and partly corroded olivines without reaction rims [type (i)], are less forsteriterich than expected for equilibrium with a magma having the host-rock composition of samples E05022 and E05023 (Fig. 10h) . Therefore, both these olivine types are probably cumulitic and their abundant incorporation into the whole-rock has shifted the FeO/ MgO of the latter to lower values. This is supported by the higher modal abundance of olivine in samples E05022 and E05023 ($7%) compared with sample E05024 ($3%), in which types (i) and (ii) olivines seem to be in chemical equilibrium with the host-rock [although at least type (ii) olivines, surrounded by thick opacite rims, are clearly not equilibrium phenocrysts]. (4) Reacted olivines associated with or surrounded by amphibole [type (iii)] have cores with variable forsterite and NiO contents, which, in some crystals, are much higher than those of types (i) and (ii) (Fig. 10f) . Their forsterite and NiO compositional profiles are characterized by flat, inverse and normal zoning (Fig. 10f) . Cores of the forsterite-rich olivines are significantly more forsterite-rich than expected for olivine in equilibrium with the host bulk-rock (Fig. 10h) . This supports the petrographic evidence for a xenocrystic origin of such olivine. One possibility is that olivine^amphibole glomerocrysts of xenocrystic origin are recycled olivine-hornblendite cumulates. Early crystallization of amphibole immediately after olivine to form such olivine-hornblendites has been reproduced experimentally under high pressure (0·8 GPa) and water-saturated conditions by Grove (Rapp et al., 1999; Kelemen et al., 2003) , bajaites (Calmus et al., 2003) , and sanukitoids .
et al. (2003) and Krawczynski et al. (2012) , suggesting that at least part of the differentiation processes of the Yuyos magmas may have occurred at mid-to lower crustal depths. This is consistent with the highest pressures indicated by amphibole geobarometry (Fig. 12e) . (5) Some large clinopyroxene phenocrysts display inverse zoning characterized by a strong MgO (plus Cr and Ni) increase at the outer rims (Fig. 11a ), in contact with the groundmass. This suggests a mafic recharge event during which low-MgO clinopyroxene reacted with a more mafic melt with subsequent overgrowth by or re-equilibration with a MgO (Cr, Ni)-richer rim. The clinopyroxene cores are in equilibrium with magmas having Mg# of 0·35^0·4, whereas the rims would be in equilibrium with more mafic magmas having Mg# of 0·55^0·6 [for an (Fe/Mg) cpx / (Fe/Mg) melt ¼ 0·26^0·30]. Based on a compilation of data for Ecuadorian volcanoes to obtain a regression line between SiO 2 and Mg# (R ¼ 0·74), the clinopyroxene cores would be in equilibrium with a dacitic magma (SiO 2 65^68 wt %), whereas the clinopyroxene rims would be in equilibrium with a basaltic andesite^andesite magma (SiO 2 57^59 wt %). (6) Inverse anorthite and FeO zoning in plagioclase phenocrysts (Fig. 13 ) also possibly supports recharge of an evolved magma (cores with An 45^60 ) by a more mafic magma (rims with An 65^75 and higher FeO) or, alternatively, increased pH 2 O conditions.
Origin of 'exotic' SiO 2 -rich melts
Disequilibrium between 'exotic' melts hosted by, or associated with, olivine and clinopyroxene clots is indicated by the difference between the Mg# of the melts that would be in equilibrium with the olivine (0·61^0·70) and clinopyroxene (0·48^0·64) and the Mg# (0·16^0·38) of the interstitial, 'exotic' melt (glass). The clinopyroxene in the clots armouring glass blebs (Fig. 5b ) always forms idiomorphic crystals, which are either acicular or equant. These crystals tend to grow inside the glass globules, sometimes forming single large skeletal crystals with residual vermicular glass inclusions (Fig. 3f) , suggesting a peritectic origin of the clinopyroxene (see also Erdmann et al., 2010) . Olivine associated with the exotic melts could be residual or peritectic as a result of incongruent melting processes involving interstitial biotite-bearing assemblages (see also Erdmann et al., 2010) . We suggest that the exotic melt associated with the olivine AE clinopyroxene clots might be derived from incongruent melting of biotite-bearing intercumulus assemblages within gabbro xenoliths; exotic melts might have formed within a magma chamber by heating owing to hot magma recharge or by decompression during magma ascent. The partially melted and assimilated gabbroic xenoliths that produced the exotic melts must belong to the same magmatic cycle as the recharging magmas and are unlikely to be old fragments (Jurassic to Paleozoic) of the crystalline basement of the Eastern Cordillera, which has more radiogenic Sr isotopic compositions . In this case, a shift towards more crustal isotopic compositions of Sr and Nd should be observed in the Yuyos andesites, which, in contrast, are the most depleted in Ecuador (Fig. 9) . In addition, the modal abundance and large size (up to 1cm) of the quartz xenocrysts seem to require interaction with a quartz-bearing crystal mush of more evolved composition. As noted above, it is unlikely that the quartz xenocrysts originated from quartz-bearing basement rocks. Interaction with a magma or mush of more evolved composition is also supported by the MgO-poor core composition of the clinopyroxene xenocrysts and clots (MgO $13·5 wt % versus 17·5 wt % in cores of 'equilibrium' clinopyroxenes) with inverse zoning, which have crystallized in equilibrium with a dacitic magma (see above), and, possibly, by the anorthite-and Fe-poor composition of the cores of rare plagioclase xenocrysts (see above). We suggest that exotic glass AE quartz surrounded by clinopyroxene coronas derives more probably from in situ (i.e. within the magma chamber) or decompression-induced melting of biotite-(AE K-feldspar?)-bearing assemblages occurring in fragments of a more felsic crystal mush. These textural observations are also supported by strong enrichments in K 2 O (6^7 wt %), Na 2 O (2·5^4·5 wt %) and several incompatible trace elements (Th, U, Pb, Zr, REE, Hf, Ta, Nb) in the interstitial melts, which could derive from partial melting of biotite-(and K-feldspar?)-bearing parageneses (see also Reubi & Blundy, 2008) . The occurrence of exotic inclusions in olivine phenocrysts can be explained by partial melting of crystal mushes by mafic recharge at the margins of magma reservoirs (see also Danyushevsky et al., 2004) . At least some of the 'exotic' melt might have mingled or mixed with the recharging mafic magma and might have been incorporated in the groundmass where it is no longer identifiable as a distinct component. We note that experimental glasses obtained from dehydration melting of tonalite at intermediate to high pressures (Singh & Johannes, 1996) are K 2 O-rich andesitic melts very similar in major element composition to the Yuyos interstitial melts (Fig. 16) .
Clinopyroxene^olivine^quartz pseudoternary projection
The bulk compositions of pheno-or xenocryst-poor Yuyos samples are plotted in the clinopyroxene^olivine^quartz pseudoternary projection (projected from plagioclase; Fig. 17 ) using the projection scheme of Tormey et al. (1987) adopted by Sisson & Grove (1993) and Grove et al. (2003) . For comparison, the plot also shows the bulk compositions of Yuyos and Pilavo amphiboles and interstitial melts, Young Chacana andesites, Pilavo andesites, experimental data for partial melting of basalts at 0·7 GPa (Sisson et al., 2005) , the reaction boundary olivine þ liquid ¼ hornblende for hornblende gabbro at 0·2 GPa (Sisson & Grove, 1993) , and the saturation boundary olivine^clinopyroxenep lagioclase for basaltic andesite at 0·2 GPa (Grove et al., 2003) .
Yuyos, Pilavo and Young Chacana andesites are aligned along a trend that passes through the composition of Yuyos and Pilavo amphiboles, suggesting that amphibole fractionation or assimilation has played a role in the evolution of these magmas, as supported by the occurrence of amphibole pheno-or xenocrysts. Interstitial melts in the Yuyos samples overlap in composition with the lowest degree melts of basaltic protoliths at 0·7 GPa (Sisson et al., 2005) . Because of the clear crustal origin of these interstitial melts, indicated by petrographic observations (see above), their origin is consistent with high-pressure partial melting of a mafic or intermediate protolith.
Combined with the petrographic evidence discussed above, the clinopyroxene^olivine^quartz pseudoternary projection supports the interpretation that the Yuyos bulkrock composition can be explained by mixing between olivine^clinopyroxene^amphibole cumulates, intermediate^felsic magmas evolved through amphibole fractionation, partial melts of mafic or intermediate rocks, and recharging mafic magma.
Modelling end-member compositions
The above discussion of geochemical and mineralogical data suggests that the Yuyos sanukitoid-like andesites result from the incorporation of both intermediate^felsic magmas, crystal mushes or protoplutons (e.g. quartz, amphibole, biotite, low-anorthite plagioclase, low-MgO clinopyroxene xenocrysts) and mafic or ultramafic cumulates (olivine xenocrysts) into recharging mafic magmas within the stability field of amphibole^clinopyr-oxene, but outside that of plagioclase. We can reasonably assume that the Yuyos sanukitoid-like andesite magma contains four major components (Table 3 and Table A1 in Appendix): (i) a bulk intermediate^felsic component evidenced by the occurrence of MgO-poor clinopyroxene xenocrysts, low-anorthite plagioclase xenocrysts, quartz and biotite xenocrysts; (ii) an ultramafic component (olivine^clinopyroxene^amphibole cumulate, perhaps resulting from the fractionation that has produced the intermediate^felsic component above); (iii) an 'exotic' melt component deriving from partial melting of the intermediate^felsic plutonic component (i) above, and of intercumulus mineral phases (biotite, amphibole) in the . Clinopyroxene^olivine^quartz pseudoternary plot (projected from plagioclase) for bulk compositions of the Yuyos andesites using the projection scheme of Tormey et al. (1987) adopted by Sisson & Grove (1993) and Grove et al. (2003) . For comparison, also shown are the bulk compositions of Yuyos amphiboles and interstitial melts, normal Chacana andesites, Pilavo rocks, experimental data on partial melting of basalts at 0·7 GPa (Sisson et al., 2005) , average Andean arc basalt (AB) and continental arc basalt (CAB) (Kelemen et al., 2004) , the olivine þ clinopyroxene þ plagioclase saturation boundary of basaltic andesite at 0·2 GPa (Grove et al., 2003) and the olivine þ liquid ¼ amphibole reaction boundary for hornblende gabbro at 0·2 GPa (Sisson & Grove, 1993 Fig. 16 . MORB-normalized major element patterns for the glasses of the Yuyos andesite compared with those of the bulk-rock and experimental glasses derived from partial melting of tonalite at 0·2^1·5 GPa (Singh & Johannes, 1996) . MORB normalizing values are from Kelemen et al. (2004) .
ultramafic component (ii), as exotic glasses are found both in association with MgO-poor clinopyroxene and quartz as well as with olivine AE clinopyroxene clots; (iv) the recharging mafic magma.
Here we aim to model the geochemistry and proportion of the recharging mafic magma involved in the petrogenesis of the Yuyos sanukitoid-like andesite magma based on known and assumed compositions (and proportions) of the other components involved in the petrogenetic process (Table 3 and Table A1 in Appendix). Results of these calculations yield a 56 AE 3% contribution from the recharging mafic magma, 23 AE 4% from the exotic glass, 16 AE 5% from the dacitic crystal mush, plus 5% of the ultramafic (dunitic) xenocrystic component. The resulting geochemical composition of the recharging mafic magma is similar to that of average arc basalt, except for the lower MgO and slightly higher CaO and Na 2 O, and virtually identical to that of high-alumina basalt (HAB; Fig. 18 ). Additional calculations carried out considering that the ultramafic component comprised 55% olivine, 40% clinopyroxene and 5% amphibole (i.e. a wehrlite) do not change significantly the final results (Fig. 18) . We conclude that the recharging mafic magma could have ranged between continental arc basalt and high-alumina basalt in composition. According to various models (Crawford et al., 1987; Foden & Green, 1992; Mu« ntener et al. 2001) , high-alumina basalts are produced by high-pressure fractionation of olivine^clinopyroxene (AE amphibole) from mantlederived primitive basalts at the mantle^crust interface or at lower crustal levels. Chiaradia et al. (2011) have shown that the basaltic andesites of Pilavo volcano were also derived from mid-crustal evolution of a parental high-alumina basalt.
Petrogenetic model
Mafic to intermediate^felsic plutonic roots are common in volcanic arc systems (e.g. Costa et al., 2002; Dungan & Davidson, 2004; Reubi & Blundy, 2008) but may be hidden by assimilation processes operating both at depth and during magma ascent (e.g. Beard et al., 2005; Erdmann et al., 2010) . There is ample petrographic and geochemical evidence that the Yuyos sanukitoid-like andesites contain, within their volumetrically small (5 15%) phenocryst population, a significant amount of xenocrystic minerals including olivine, clinopyroxene, amphibole, biotite, plagioclase and quartz. Average of nine rocks of the Yuyos flow.
5
Average of olivine compositions in Yuyos andesites.
6
Composition of the recharging basalt recalculated after subtraction of the ultramafic component.
7
Composition of the recharging basalt recalculated after subtraction of the ultramafic component and normalization to 100%.
8
Composition of average continental arc basalt (Kelemen et al., 2004) .
9
Composition of average Central American basalt (Kelemen et al., 2004) .
10
Composition of average Andean basalt (Kelemen et al., 2004) .
11
Composition of average oceanic arc basalt (Kelemen et al., 2004) .
12
Composition of high-alumina basalt (HAB) (Brophy & Marsh, 1986) .
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We suggest that the Yuyos magma resulted from repeated intrusion of mafic magma batches into composite crustal reservoirs occurring at different depths (as suggested by amphibole geobarometry), which caused partial assimilation and melting (probably enhanced during decompression) of quartz-, plagioclase-, biotite-and amphibole-bearing assemblages of intermediate^felsic magma, cumulates, mushes or protoplutons and of intercumulus biotite, amphibole and quartz in their associated maficû ltramafic cumulates (the plutonic roots of the magmatic system) (Fig. 19) . Partial melting resulted in exotic, incompatible element-rich melts, which may have mixed with the incoming mafic magma and have been partly separated from the residual minerals of their protoliths (e.g. Getsinger et al., 2009) . The recharging magma was a basaltic arc magma that, before rising to mid-crustal levels, had probably evolved through high-pressure fractionation of olivine^clinopyroxene AE amphibole to become an HAB (see Chiaradia et al., 2011) . A process of recharge, fractional crystallization and assimilation like that described above has been shown to be effective in producing relatively undifferentiated magmas that are strongly enriched in incompatible elements Lee et al., 2013) , like the Yuyos andesites.
Several textural and compositional types of olivine document multiple recharge events. Reacted olivine with opacite rims, as well as forsterite-rich relic olivine associated with or rimmed by opacitized amphibole, might represent one or more early crystallization event(s). Olivine with apparent equilibrium textures might be associated with later mafic recharge, which mixed with forsterite-rich olivine from cumulates and with a more evolved magma, mush or protopluton. The paucity of plagioclase xenocrysts suggests that this mineral never formed and/or was completely assimilated and became unstable under the recharge conditions in the magma reservoir. This is consistent with the high pressure (4 10 km depth: Fig. 12e ) and high water contents (Fig. 12f) under which the Yuyos magmas evolved. Optically zoned amphiboles, with opacite inner rims separating each zone and with locally inverse MgO zoning, and biotite xenocrysts are further evidence for fractionation and recharge under high pH 2 O conditions that favoured the stability of these hydrous minerals. High water contents and high-pressure fractionation in the crust have been proposed for the evolution of Mesoarchean sanukitoid rocks in Brazil (De Oliveira et al., 2010) .
The depleted Sr^Nd^Pb isotopic signatures of the sanukitoid-like Yuyos andesite, in contrast to the more radiogenic signatures of the Young Chacana 'normal' andesites, which reflect assimilation of the underlying continental crust basement, indicate that the assimilated rock types belonged to the same magmatic suite as the recharging magma. Such a cannibalistic process implies a relatively long-lived magmatic history, with the formation of crystal mushes that locally insulated subsequent magma recharges from contact with the older continental crust basement. Such a long-lived magmatic plumbing system is consistent with the 42 Myr history of the Chacana caldera (Hall & Mothes, 2008) and might have facilitated the assimilation of its magmatic roots by recharging magmas (see also Grove et al., 2005; Walker et al., 2013) . 
RO W T H P RO C E S S E S
The Yuyos andesites represent to our knowledge the only sanukitoid-like flow during 42 Myr of magmatic activity in the Chacana caldera complex. Nonetheless, strong geochemical similarities between Yuyos and the Pilavo frontal volcano (Fig. 4) suggest that magmatic processes leading to sanukitoid-like signatures are not isolated cases in the Quaternary volcanic arc of Ecuador. Therefore, a closer inspection of the similarities between the Yuyos andesites and Archean sanukitoids is useful, as well as comparisons with putative Phanerozoic equivalents of Archean sanukitoids.
Archean sanukitoids versus Phanerozoic equivalents (LSA, HMA of Western Aleutians, 'bajaites' , Setouchi sanukitoids)
Although the composition of Archean sanukitoids is matched to a good extent by that of Cenozoic and Quaternary enriched high-Mg andesites (HMA; e.g. Kelemen et al., 2003) , 'bajaites' (e.g. Calmus et al., 2003) , and low-silica adakites (LSA) of Martin et al. (2005) average continental arc + Central America + Andean basalt calculated mafic recharge end-member after subtraction of 5% dunite xenocrystic component sample/HAB (Brophy & Marsh, 1986) calculated mafic recharge end-member after subtraction of 10% wehrlite (55% olivine, 40% cpx, 5% amph) xenocrystic component Fig. 18 . HAB-normalized major element patterns for the putative recharging mafic magma (after subtraction of 5% dunite or 10% wehrlite, representing the xenocrystic component) compared with those of average continental arc þ Central America þ Andean basalts. The compositions of continental arc þ Central America þ Andean basalts are from Kelemen et al. (2004) . The HAB normalizing values are from Brophy & Marsh (1986). are some notable differences (Fig. 1) . The Phanerozoic counterparts have somewhat lower Rb, Ba, Th and REE (especially HREE) contents and, except for the Setouchi sanukitoids, a marked positive Sr anomaly compared with Archean sanukitoids (Fig. 1) .
Archean sanukitoids differ from LSA and 'bajaites' by having higher REE (especially HREE such as Yb and Lu), Y, Rb and especially Th, but also somewhat lower Cr and Ni (Figs 1, 6 and 7) . Also, in the slightly modified trace element pattern of Fig. 1 (in which Sr lies between Ce and Nd) Archean sanukitoids differ from LSA and 'bajaites' in the absence of a positive Sr anomaly and the presence of a strong negative Ti anomaly. Western Aleutian HMA and Setouchi sanukitoids have significantly lower Sr (apart from a few samples), La, Ba, Th, Zr, and U than Archean sanukitoids. Setouchi sanukitoids have also higher Ni contents than Archean sanukitoids.
Chondrite-and primitive mantle-normalized trace element patterns (Figs 1 and 8) show a significant difference between the Setouchi sanukitoids and the Archean sanukitoids, with the former having overall much lower LREE, middle REE (MREE) and other incompatible element contents and a flatter REE pattern. Therefore, in spite of the fact that the name sanukitoid has been applied to Archean high-Mg diorite^tonalite^granodiorite series on the basis of their geochemical similarity to Miocene Japanese volcanic rocks of the Sanuki and Setouchi regions (Shirey & Hanson, 1984) , there are marked differences between these two rock types, as also highlighted by Smithies & Champion (2000) . 
Yuyos andesites versus Archean sanukitoids and Phanerozoic equivalents
In plots of major and trace elements (Figs 6 and 7) as well as in the trace element patterns (Figs 1 and 8) the Yuyos andesites show stronger similarities to Archean sanukitoids than any other potential Phanerozoic equivalent as discussed above. Although Fig. 6 shows that the major element compositions of the Yuyos andesites are most similar to Phanerozoic LSA, in terms of trace elements (Figs 7 and 8) the Yuyos andesites consistently show greater similarity to Archean sanukitoids (particularly evident for La, Yb, Lu, Th, Cr and Ni; Figs 7 and 8), whereas they differ from LSA and 'bajaites' in having significantly higher La and Th and lower Yb. In Sr^Nd^Pb isotope diagrams (Fig. 9) , the Yuyos andesites plot at the most evolved end (most radiogenic Pb and Sr and least radiogenic Nd) of the array of MORB-like HMA of the Western Aleutians (Kelemen et al., 2003) . In contrast, the Setouchi sanukitoids plot at much more radiogenic Sr and less radiogenic Nd values, in agreement with a strong sediment melt component suggested for their petrogenesis . In summary, the Yuyos andesites are geochemically very similar to Archean sanukitoids and to a great extent also to Phanerozoic LSA and 'bajaites', whereas both differ markedly from Setouchi sanukitoids. The Yuyos andesites seem to be a closer geochemical proxy for Archean sanukitoids than previously proposed ones, such as LSA and Setouchi sanukitoids. Although the origin of Archean sanukitoids is beyond the scope of this study, the remarkable similarity of the latter to the Yuyos andesites and their common differences from the putative Phanerozoic equivalents of Archean sanukitoids suggest that intracrustal processes might have also played an important role during the formation of sanukitoid rocks in the Late Archean. The similarity between the adakite-or sanukitoid-like rock association of Ecuador and the TTG^sanukitoid association of the Late Archean further seems to suggest similar geodynamic and magmatic processes in these two environments. As discussed above and by Chiaradia et al. (2011) , the distinctive 'sanukitoid-like' signatures of Yuyos and Pilavo result from a focused and high rate of magma transit through the crust. Such conditions were realized in the Quaternary arc of Ecuador and are indeed probably similar to those that led to crustal growth episodes during the Late Archean on a more global scale (e.g. Smithies et al., 2009) .
C O N C L U D I N G R E M A R K S
The genesis of Phanerozoic enriched HMA (LSA) is of particular interest for petrologists because these magmatic rocks have geochemical compositions remarkably similar to Late Archean sanukitoids, which represent, together with TTG, the first expression of Earth's felsic continental crust. Their petrogenesis may therefore be critical to understanding the processes responsible for the generation of the continental crust. The common model proposed for the genesis of Phanerozoic enriched HMA (LSA) and Archean sanukitoids involves slab melt^peridotitic mantle interactions occurring in the mantle wedge. However, we have demonstrated that Archean sanukitoids are sufficiently geochemically different from Phanerozoic HMA and other sanukitoid-type rocks that additional (or different?) processes must be involved in their genesis.
Here we have shown that rocks that are geochemically very similar to enriched HMA (LSA) and Archean sanukitoids were formed through intracrustal processes involving the recycling of the mafic^ultramafic to intermediate^felsic plutonic roots of the arc by mantle-derived (possibly high-alumina) basalts. Such a process represents a viable alternative to form enriched HMA (LSA) and sanukitoid-like magmas and should also be considered in models for continental crust generation processes during the Archean.
The geochemistry of the Yuyos sanukitoid-like andesites, situated in the main arc, is similar in many respects to that of basaltic andesites of the frontal arc Pilavo volcano. The across-arc distance between the two volcanic complexes is $65 km (Fig. 2a) . This suggests that geochemical signatures typically attributed to the slab component (e.g. high U, Pb, Th, Th/La and Th/Nb recorded both in the Pilavo and Yuyos andesites) have been refined and enhanced by intracrustal processes in both volcanic edifices; otherwise systematic changes in slab-derived elements should be recorded between the Pilavo and Yuyos andesites, as observed in other frontal versus main arc volcanoes of Ecuador (Barragan et al., 1998; Chiaradia et al., 2009) . This highlights the importance of the magmatic plumbing system, in terms of the lifetime and pathways of magmas ascending from the lower crust to the vent, in producing distinctive geochemical features (high Th, Th/La, etc.) at single volcanic edifices. The conditions under which such characteristics are formed are rather uncommon in the Phanerozoic, as shown by the relatively rare association between sanukitoid-like and adakite-like rocks (e.g. in Ecuador), but might have been more common during the Late Archean as shown by the worldwide association of Archean sanukitoids with TTG, probably a consequence of the higher thermal gradient in the Earth at that time (Martin & Moyen, 2002; Keller & Schoene, 2012) .
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SiO 2 , we have calculated the fractional contributions from each of the three end-members for all possible two major element combinations (n ¼ 45) and iteratively readjusted the composition of the combined mafic^ultramafic endmember (including SiO 2 ) until the standard deviations on the calculated fractional contributions were 5%. By doing so we have obtained a combined mafic^ultramafic end-member composition that is mixed consistently, for all major elements, in the same proportions with the 'exotic' melt and the intermediate^felsic magma end-members to obtain the whole-rock composition (Table 3) .
Subsequently, we subtract 5% of xenocrystic olivine from the combined mafic^ultramafic component and obtain the composition of the recharging mafic magma. This latter procedure is an oversimplification because olivine phenocrysts may not all be xenocrystic and the ultramafic component might also include clinopyroxene and amphibole xenocrysts (see above). Nonetheless, it provides a first-order approximation of the composition of the recharging mafic magma. Subtracting wehrlite (55% olivine, 40% clinopyroxene, 5% amphibole) instead of dunite does not change the result (Fig. 18) .
